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HE AVIATORS disability.

known variously as “the bends,”

“aero-embolism”  or “decom-
pression sickness,” is recognized as one
of the most serious obstacles to high
altitude flying. The basi¢ cause i1s gen-
erally believed to be the release of
gases from blood or other body tissues
at low atmospheric pressures, but there
is still much doubt and controversy as
to the exact manner in which nitrogen,
carbon dioxide and other gases are re-
leased from the body fluids, how they
produce the joint pains and other
forms of distress, and the reasons for
the wide variation in time of onset and
severity of the symptoms. The best
general discussion of the physiology of
high altitude decompression sickness is
to be found in Armstrong’s “Aviation
Medicine™, while papers by Behnke?,
Fulton* and Rainsford® provide sum-
maries of more recent work.

Since a thorough understanding of
the phyf'ioiogy of high altitude decom-
pression sickness may well lead to im-
proved methods of prevention or ther-
apy, many experimental studies of the
bends have been made in low-pressure
chambers, However, almost all of these

The work described in this paper was
done under a contract, recommended by the
Committee on Medical Research between the
Office of Scientific Research and Develop-
ment and the President and Fellows of Har-
vard College.
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studies have been made at normal
room temperatures, so that the extreme
cold usually encountered simultaneous-
ly with the bends at high altitudes has
not been reproduced, nor have its ef-
fects on the incidence of the bends
been studied in detail.

The main purpose of our experi-
ments was to study the relationship be-
tween body temperature and the inci-
dence of bends. Our low-pressyre
chamber is situated inside a refriger-
ated cold room, and we made repeated
exposures of the same subjects to low
pressures {equivalent to 35,000 feet)
under varying conditions of tempera-
ture and clothing. Experiments were
conducted in the cold with the subjects
wearing heavy or light clothing or elec-
trically heated flying suits. Control ex-
posures to low pressures were also car-
ried out at normal room temperatures
(80-85° F.) with the subjects wearing
summer clothing. The results showed
a definite increase in the incidence of
bends when the subjects were cold, in
comparison with experiments when
electrically heated suits were worn or
when the chamber was at 80 to 85° F.

Another variable which has been
widely believed to affect the incidence
of bends is the speed of “ascent” or
rate of reduction of air pressure. Pure
oxygen 1s ordinarily breathed through-
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out most of the ascent, and breathing
any such nitrogen-free gas mixture be-
fore ascent is known to reduce the in-
cidence of bends, presumably by allow-
ing time for the nitrogen in the body
fluids to be partially eliminated. Hence
it is logical to conclude that at least
part of the protection from bends
achieved by a slow ascent is due to the
longer period during the ascent in
which nitrogen-free oxygen is
breathed. On the other hand, the rate
of decompression itself might be ex-
pected to affect the formation of bub-
bles in body fluids which are supersat-
urated with nitrogen. We were able
to study separately the two factors of
denitrogenation during ascent and rate
of ascent per se; and the results indi-
cate that rate of ascent per se is more
important than the time available for
denitrogenation, at least during the as-
cent of 1,000 or more feet per minute.

METHODS
1. General

The pressure chamber used for these
studies is situated within a refriger-
ated room and was kept within 5° F.
of the temperature chosen for each ex-
periment. Various temperatures from
+32° to —5° F. were selected for the
ascents in the cold, and approximately
equal numbers of subjects wore each
type of clothing at each temperature.
The experiments in warm air were at
80t0'85° F. All subjects were supplied
with oxygen from standard Army Air
Force demand regulators and demand
oxygen masks. Whenever the subject
or observer had any doubts about the
tightness of any mask’s fit, a continu-
ous flow of oxygen was supplied by
opening . the emergency valve. Pres-
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stires are expressed as equivalent alti-
tudes, and the terms ascent and descent
refer to changes in pressure only. The
measurements of equivalent altitude
used in this paper are accurate within,
3 to 5 per cent, the figures for rate of
ascent within 5 to 10 per cent.

The eighteen subjects were men
ranging in age from 19 to 40 years.
The number of experiments for each
subject varied between 4 and’35. They
were all in good health and were ex-
perienced in low-pressure chamiber
work. They reported all symptoms
promptly with estimates of severity on
the widely used scale where: ‘

+ = mild
+ 4 == moderate A )
4+ = severe, ordinarily resulting in re-
moval of the subject from the
chamber
+ -+ + 4 = collapse

All experiments were scored accord-
ing to the method of Ferris, Webb,
Ryder, Engel, Romano and Blanken-
horn® where five points are credited
for each 15 minutes during which the.
subject is without symptoms. Tour
points are allowed for each 15-minute
period during which + bends oc-
curred, three if -+ bends occurred,
and two if + + + bends occurred, ex-
cept that only one point was allowed
for the period during which the sub-
ject was taken from the chamber.” All
experiments were terminated at three
hours after reaching altitude so that a
perfect score was 60 points.

Skin temperatures were measured
during the experiments in the cold-by:
means of four thermocouples taped to
the base:of the large toe, the outer side
of knee, and the outer side of elbow,
and the chest,
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TABLE I SKIN TEMPERATURES AND INCIDENCE OF BENDS

Skin Temperatures Difference in Average Bends
Clothing = Score. Scores When Warm
Trunk Elbow Toe Knee Minus Scores for Lizkt Clothing
Degree B, | Degree F. | Degree F. BPegree F.
Electrically heated 95-100 90--100 60-85 80~100 12
Heavy clothing 993-95 §0-90 5080 5080 2
Light 85-95 75-85 50-70 70-85 —_—
2. Clothing The heavy clothing consisted of one

During the experiments at 80 to 85°
F. the subjects wore normal summer
clothing and were comfortably warm
at all times. During experiments in the
cold, three types of clothing were worn
and they are designated as: [kght,
heavy and electrically heated.

The lght clothing varied with the
exercise to be performed. When the
subjects sat or lay still they wore one
pair of heavy underwear (50 per cent
wool) and jacket and trousers of
“windproof” cotton with wool kersey
lining. When they were to exercise
they ‘wore two pairs of the heavy un-
derwear and a hard twill cover-ail suit
similar to those widely used by me-
chanics. The following additional
items were always included in the light
clothing :

2 or 3 pairs wool ski socks

feit bootees

jute socks

canvas mukluks with soft leather soles

knitted wool gloves

fur mittesfs

wool scarf

knit wool togue, shearling flying helmet
or wool-lined helmet

The insulation value of the hght
clothing including kersey-lined jacket
and trousers is approximately 2 Clo®.
The subjects wearing this clothing
were definitely cold and often shivered
shightly.
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pair of heavy underwear pius trousers
and parka made from a double layer of
alpaca pile with a windproof outer
shell. The men wore the same hand-
head- and foot-wear listed above for
the light clothing. This heavy clothing
had an insulation value of about 4 Clo,
and it kept the subject in a state best
described as chilly but not definitely
uncomfortable.

The electrically heated clothing con-
sisted of :

1 pair heavy underwear (50 per cent wool)

standard ¥-1 U, S. Army Air Forces
electrically heated suits with heated
gloves and boots )

standard Air Forces shearling lined boots

the same wool-lined trousers and jacket
included in the lght clothing

knit togue, shearling helmet or wool-
fined helmet

The electric heat was controlied by
the subjects, who were mnstructed to
adjust the rheostat so as to keep them-
selves comfortably warm but not over-
heated to the point of sweating.

The skin temperatures characteristic
of these three types of clothing are
presented in Table 1.

3. Activity

Since exercise has been shown to be
an important variable affecting the in-
cidence of the bends, we used four
contrasting - conditions of activity in
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these experiments: (1) lying as still
as possible, (2) sitting on a chair or
bench with exercise limited to reading
and occasional slight shifting of posi-
tion for comfort, (3) chair-arm push-
ups, in which the subject lifted his en-
tire weight by pushing up from chair
arms, fully extending his arms and
lowering his body slowly to the chair
once every minute after altitude was
reached (chair arms 10 inches above
seat), (4) the knee-bend exercise de-
veloped by Ferris et al® Every three
minutes after altitude was reached the
men performed five deep knee bends
in rapid succession. In using this ex-
ercise we followed the procedure used
by Ferris et al®, discontinuing the ex-
ercise 90 minutes after reaching alti-
tude and sitting quietly for the re-
mainder of the 3-hour period.

4. Rate of Ascent
(a) 1,000 feet per minute ascents.—

For most of the experiments a 1,000.

feet per minute ascent was used in
which the “automatic mix” valves on
the oxygen regulators were set at the
ON position for the first ten minutes of
the ascent. At this setting they provide
a mixture of air and oxygen which is
automatically varied with altitude so
that the partial pressure of oxygen is
kept somewhat above that at sea level.
TDuring the first ten minutes, the rate
of ascent was about 1,500 feet per min-
ute so that “it was possible to make a
rapid drop from 10,000 to 7,000 feet to
test for ear troubles and return to 10,000
feet at the end of the ten minutes,
After the tenth minute the automatic
mix valves were turned to the OFF
position so that they delivered pure
oxygen for the remainder of the ex-

FesruAry, 1946

periment., The ascent continued above
10,000 feet at 1,000 feet per minute
so that 35,000 feet was reached at
thirty-five minutes. During twenty-
five of these thirty-five minutes pure
oxygen was breathed.

(b) 5,000 feet per minute ascents—
In the 5,000 feet per minute ascent the
automatic mix valves were on the ON
position from O to 10,000 feét and then
changed to OFF. Adter first reaching
10,000 feet there was a drop to 7,000
feet to test for ear troubles, This test
and the return to 10,000 feet ordinar-
ily required ome or two minutes, so
that the total time required fo reach
35,000 feet was eight or mine minutes.

(¢) Pre-oxygenated 5,000 feet per min-
ute ascents (“5,000 Pre-ox” ).—To test
the relative effects of rate of ascent
and pre-oxygenation we conducted
several experiments with what we
have called a “pre-oxygenated 5000
feet per minute ascent” abbreviated in
Figure 2 “5,000 pre-ox.” During the
first ten minutes, this procedure was
exactly like that used in the 1,000 feet
per minute ascents. At ten minutes the
automatic mix valves were changed to
the: OFF position and the chamber
dropped to sea level. The subjects re-
mained at sea level, breathing pure
oxygen, until twenty-eight minutes,
and then the chamber was raised at a
rate of 5,000 feet per minute so that it
reached 35,000 {feet at thirty-five min-
utes. Thus the time spent breathing
pure oxygen was the same as during
the 1,000 {feet per minute ascents
(twenty-five minutes) while the actual
rate of ascent was at least as rapid as
during the 5,000 feet per minute as-
cents. If the extra oxygen provided by.
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the 1,000 feet per:minute ascent is the
‘solefactor affording’ protection from
bends, ‘this control series should give
‘the same incidence of bends as the
1,000 feet per minife ascent, If, on
the other hand, rate of ascent per se
ts the chief factor favoring slow as-
-cents,’ this control seriés’ should give
-results: similar: to the 5,000 feet per
minute experiments.

RESULTS
‘1 Eﬁ‘ects of Cold
' The eﬁects of cold on bends sts-
cep’nbd;ty can be rehably }udged only
by comparing the same subject’s symp-
toms when warm and when cold. This

precaution is necessary because our
subjects varied: widely.in their suscep-

tibility to the'bends.” In order to make

a rapid survey of the important factors
‘affecting the incidence of the bends we
exposed ‘our subjects to varying rates
«of ascent and varying exercise as well
@s to varying thermal environments.
‘Consequently, it is necessary to make
patred comparisons between the bends
scores ‘for the same subject with exer-
cise and rate of ascent held constant.
Such comparisons are made in Figure
1, where each point represents the dif-
ference between the-average scores for
a given subject when warm and when
cold. ‘The “cold” scores were obtained
when ‘wearing the light clothing de-

~ scribéd: above: and-the three types of

“warm” scores represent (i)_ subjects
in warm atr {80-85" F.), (2) subjects

- in the cold but with ample electrical
“heat, and (3} subjects in the cold

Wearing'thé heavy clothing described
abdve, which kept them deﬁmtely cool
but not shivering.’

Tt clear from Figure 1 that the

€0

subjects had considerably higher scores
and were thus Jess susceptible to the
bends when they. were in warm air or
in. electrically ‘heated suits than when
they were wearing the light clothing.
On the other hand. there was only a
very small increase in their scores
when wearing the heavy clothing.

The differences plotted in Figure 1
for warm air and electrical heat are
statistically significant, " simce  “Stu-
dent’s t” test shows a probability of
less- than 0.01 that such differences
could be obtained by chance.  The dif-
ference between heavy and Tight cloth-
ing, on the other hand, woirld have oc-
curred by chance in sixty-thre¢ out of
100 samples of this size dcdording to
“student’s t” test, and the difference
is thus of no significance.

Not only were the average bends
scores higher among the warm sub-
jects, but the time of onset was de-
layed and a greater proportion re-
mained three hours at altitude without
symptoms or with only + or ++
bends. The higher bends scores with

electric heat as opposed to light cloth-

ing can also be seen in Figure 2, since
scores are plotted for five subjects
when warm and when cold at different
rates of ascent.

The skin temperatures of our sub-
jects were analyzed in search of fur-
ther correlations with bends suscepti-
bility (Table I). There is great var-
1ability in skin temperatures depending
upon the individual, the length of the
exposure, and the exercise performed
50 that there was a wide range of skin

temperatures under each condition. The

analys_is indicated that there was no
higher correlation between the skin
temperatures of the subjects and their
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.bends scores than the correlation
shown in Figure 1 between bends
scores and type of clothing. The skin
temperatures of the subjects in heavy

+50  WARM ROOM

the same for men who were chilly as
for men who were definitely cold and
shivered-from time to time. -

In seeking an explanation for these
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Fig. 1. Effects of temperature on the incidence of bends. The ordinate is the differ-

ence in bends score between warm and cold; three types of warm conditions are
shown in the three columns; the cold conditions refer to the light clothing described in

the text.
exercise and rafe of ascent hel

constant,

Each point represenis ([imin:d data (warm and cold) for the same subject with
Thus each peint above the zero hine indi-

cates that ome man under one set of conditions was less susceptible to bends when warm

than when cald.

clothing were intermediate between

those characteristic of electrically-
heated clothing and those o men wear-
ing light clothing, while bends scores,
indicate no significant difference be-
tween men wearing heavy and light
clothing. "

Thus the . beneficial - effects of
warmth. are apparent only when. the
subject is comfortably warm. The in-
cidence of bends .was approximately
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results, it is natural to suspect that
shivering was responsible for the high-
er incidence of bends in the cold sub-
jects, in view of the fact that exercise
is quite effective 'in eliciting joint
bends (see below under activity). How-
ever, the men wearing heavy clothing
did not shiver except i rare cases, and
yet this.group had practically. as Jow
an ‘average score as the  subjects in
light clothing who shivered quite often.
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Perhaps the important factor is the
‘muscle tenseness associated with even
slight chilliness, such as occurred in
both the lightly dressed subjects and

O -WARM

In both the heavy and light clothing,

* the men were cool enough to undergo
general peripheral vasoconstriction.
Perhaps this is an important factor by
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big. 2. Effects of rate of ascent on the incidence of bends, The individual
subjects are designated by fetter. The men wore cither electrically heated cloth-
ing {points designated as “warm™) or the light clothing described in the text

(points designated as “cold"),

those wearing heavy clothing. Could
such a muscle tenseness be analogous
to the straining movements shown by
Ferris, et al? to be so effective in
eliciting the bends?
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which cold increases the incidence of
bends. Such vasoconstriction, to be ef-
fective, must presumably affect the tis-
sues surrounding the joints where the
pain actually occurs,
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It is interesting in this connection
that Whitaker, et al.’® found that bull-
frogs were more likely than rats to
have bubbles in their veins when de-
compressed after exercise. Their in-
terpretation was that CO, accumulated
during the exercise, but that it was
washed away by the rapid circulation
of the rat, while the bullfrog’s circula-
tion was so slow that considerable CO,
remained to form bubbles at reduced
pressure. Both the cold-blooded buli-
frog and the vasoconstricted limb of a
man have poor circulation, while there
15 a rapid circulation through the tis-
sues of a normal limb or an active,
warm-blooded rat.

The experiments of Whitaker, et al,,
involved very rapid decompression to
pressures equivalent to 40,000 to 50,-
000 feet, and one must be cautious in
interpreting this analogy between our
results with human subjects and those
of Whitaker, et. al., with frogs and
rats. We feel, however, that vasocon-
striction may be an important factor
influencing the incidence of bends, and
that it merits further study.

Regardless of any theoretical ex-
planations, however, the data show

‘clearly that it is very advantagous from

the point of view of protection from
bends to keep aircrews comfortably
warm during high altitude flights,

2. Rate of Ascent and Pre-oxygena-
tion

Figure 2 gives the data on ten sub-
Jects who were exposed to the three
rates of ascent described above, in or-
der to test the effect of rate of ascent
Per se on the incidence of bends. All
of these experiments were performed
at +20° to +30° F. Each curve repre-
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sents a given man in the same cloth-
ing; “warm” signifies electrically heat-

ed clothing and “cold” means light

clothing. All subjects performed the
standard exercise of Ferris, et alt.a
series of five full knee bends in close
succession at three-minute intervals,

The ascents designated “5,000 pre-
ox"” were made at 5,000 feet per minute
but were preceded by a short period of
pre-oxygenation so that the time on
pure oxygen was the same as during
the 1,000 feet per minute ascents, The
scores for 5,000 pre-ox” ascents were
generally closer to the 5000 feet per
minute scores than to those resulting
from 1,000 feet per minute ascents.
The difference between the 1,000 and
5000 pre-ox ascents is statistically
very significant® ( probability of aceur-

rence by chance less than 0.01), where-

as the difference between 5,000 pre-ox
and 5000 is of no significance and
could have occurred by chance in 40
samples out of 100 according to “Stu-
dent’s t” test.

Thus the difference in bends sus-
ceptibility between fast and slow as-
cents seems to be largely due to rate'of

*Since five of the LOO0 feet per minute
scores plotted in Figure 2 were 6{), the ex-
periment did not test these subjects’ sus-
ceptibility fully, becanse a score of 60 means
three hours without symptoms after which
the subject was removed from the cham-
ber without testing the possibility that bends
might have appeared af some later time. On
the other hand there were only three scores
of 60 at the fast ascents, so that & more
extensive scoring scale would presumably
not have raised the average appreciably.
In other words, the difference between scores
from 1,000 feet per minute and pre-oxygen-
ated 5,000 feet per- minute ascents would
probably be greater if the full range of
susceptibility had been tested, It is also in-
teresting to note “that the very susceptible
subjects (C, E and V) as well as the bends
resistant subject, Y, showed little alteration
of score with changing rates of ascent
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TABLE- 1. TYPES OF DECOMPRESSION
SICKNESS OCCURRING IN THIS STUDY

(Includes only completed experiments
where the subject was removed because
of -+ bends or remained three hours
at 35,000 feet. Uncompleted experiments
omitted from this tabulation were those
in which the experiment was terminated
due to the necessity for @ rapid removal
of another subject from the chamber.)

Total cases remaining three hours at

35,000 fect without symiptoms......... 29
Cases of joint bends............ . " 131
Cases of “ichokes™®, . . ,,.. . ... .00 15

- Cases of nausea..................... ] 7
Total v 183

*These can be described as respiratory distress

typified by coughing and seasations of asphyxia.

ascent per se while the amount of pre-
oxygenation during the slow ascents is
relatively unimportant,

3. Activity

We found that the bends score of a
subject is lowered as the severity of
the exercise he undertakes at altitude
is ingreased. The bends were general-
ly, but not always, located at the joints
exercised. The four states of activity
we used averaged as follows in order of
increasing bends scores: chair-arm

pushups, knee bends, sitting, lying.

This confirms the work of Ferris, et
al’, who found that human subjects
were more likely to suffer from bends
if they exercised at altitude. The ex-
periments of Harris, et al.®, Harvey, et
al’, McElroy, et al®, and Whitaker,

et al® «show that muscular exercise -

facilitates the formation of bubbles in
decompressed bullfrogs, rats, rabbits,
goats and chickens.

4. Incidental Observations

Table IT contains a tabulation of the
types of decompression sickness ac-
Curring in this study.
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All of the eighteen subjects had joint

bends one or more times and nine had

at least one case of chokes, question-
able chokes or nausea. The number of
experiments for each man varied from
four to thirty-five. Unmistakable cases
of the chokes occured in three men,
and questionable cases in four others.
Four men were forced to descend be-
cause of nausea, and ore had cases of
both nausea and questionable chokes
on different days.

The cases of nausea showed a con-
sistent pattern of symptoms. First a
feeling of slight nausea and discomfort
led the subject to turn on extra oxygen
believing that he might be anoxic. The
oxygen would produce no improve-

ment, the feeling of nausea would in-

crease, often rapidly, and the subject
frequently felt weak or faint. There
was sometimes considerable malaise
and persistence of nausea for
several hours after  descent, but no
cases of actual vomiting occurred.
These symptoms were quite distinct

from the nausea and faintness char-

acteristic of anoxia, being unaffected
by a forced flow of pure oxygen and
persisting after return to normal con-
ditions,

Scihtillating scotomata occurred in
about six cases, usually but not always
after cases of chokes or nausea. Two
subjects reported migraine headaches
persisting from one to several hours
after cases of chokes or nausea. The
first migraine headaches ever expe-
rienced by one of us (RD) occurred
after his last two cases of rather severe
chokes. Scintillating scotomata accom-
panied these headaches.

Only one case of swelling and edema
following bends occurred; the morn-
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TABLE III. ANATOMICAL LOCATION OF

BENDS
(Many cases reported bends at several
sites) -
© Site (as reported + or +4 +++or
by subject) " bends ++ -+ bends

Foot 9 0
Ankle 23 Il
Knc__c 31 62
Hip 7 4
" Lower leg" 8 B
“Upper leg” ' 8 2
Hand 17 3
Wrist 36 4

" Elbow 30 8
Shoulder 23 14
"Lower arm" 15 2
"“Upper arm" 22 4
Collar bone 2 1]
Chest and Sternum 4 1
{not chokes)
Skin [ 0

ing after subject W had experienced

.severe wrist bends, the affected hand

and wrist were swollen and somewhat
sensitive to touch. These symptoms
persisted for two days. The same sub-
ject frequently had skin tingling, usu-
ally when wearing an electrically
heated suit, and on one other occasion
he reported aches and stiffness (also in
joints where bends had accurred) per-
sisting for a day or two after the ex-
periment. Two other subjects expe-
rienced residual stiffness on the day
following an experiment.

Table ITI contains a list of the sites
at which bends occurred. It is inter-
esting to note that most of the severe
and incapacitating joint pains were lo-
cated in the knee, shoulder or ankle
while the mild or moderate symptoms
were more widely distributed.
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CONCLUSIONS

I. During simulated ascents in a re-
frigerated altitude chamber, men kept
comfortably warm suffered significant-
iy less from joint bends than they did
when they were definitely cold. The
average time of onset was later in the
warm group; twice as many were able
to remain for three hours at 35,000
fect without symptoms, and the average
bends score (method of Felris, et al.?)
was increased by an average of 12
points, a difference which has a prob-
ability of statistical significance greater
than 99:1.

2. This partial protection from joint
bends was achieved either when the
experiments were conducted in warm
air {about 80° F.) or when the subjects
wore adequate electrically heated cloth-
ing. ‘

3. However, heavy alpaca clothing,
without . electrical heat, did not re-
duce the incidence of bends significant-
Iy from the rate found in the same
subjects when definitely cold. In this
heavy alpaca clothing the subjects were
reasonably comfortable but chilly and
probably vasoconstricted. '

4, In other words, warming the

. subject seems to be effective in reduc-

ing the incidence of bends only if the
skin temperatures are kept at levels as
high as those characteristic of warm
environments. It seems probable that
peripheral vasodilatation is the essen-

~ tial factor.

5. The use of adequate electrically
heated clothing or adequate cabin
heating should thus be helpful in re-
ducing the incidence of bends at high
altitudes.

6. Comparison of the incidence of
bends at rates of ascent of 1,000 and
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5,000 feet per minute showed a mark-
edly greater susceptibility after the
faster ascents. The longer period of
pre-oxygenation achieved during a
1,000 feet per minute ascent was mot
the chief factor responsible for the
lower incidence of bends, for a con-
trol series with equal pre-oxygenation
but a rapid ascent gave almost the
same scores as uncomplicated 35,000
feet per minute ascents,

7. Some symptoms and after effects
of chokes and nausea are described.
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